This study investigated the effects of ensiled mulberry leaves (EML) and sun-dried mulberry fruit pomace (SMFP) on the ruminal bacterial and archaeal community composition of finishing steers. Corn grain-and cotton meal-based concentrate was partially replaced with EML or SMFP. The diets had similar crude protein (CP), neutral detergent fiber (NDF), and metabolizable energy. Following the feeding trial, the steers were slaughtered and ruminal liquid samples were collected to study the ruminal microbiome. Extraction of DNA, amplification of the V4 region of the 16S rRNA gene, and Illumina MiSeq pyrosequencing were performed for each sample. Following sequence de-noising, chimera checking, and quality trimming, an average of 209,610 sequences were generated per sample. Quantitative realtime PCR was performed to examine the selected bacterial species in the rumen. Our results showed that the predominant phyla were Bacteroidetes (43.90%), Firmicutes (39.06%), Proteobacteria (4.31%), and Tenericutes (2.04%), and the predominant genera included Prevotella (13.82%), Ruminococcus (2.51%), Butyrivibrio (2.38%), and Succiniclasticum (2.26%). Compared to the control group, EML and SMFP groups had a higher abundance of total bacteria (p < 0.001); however, the bacterial community composition was similar among the three groups. At the phylum level, there were no significant differences in Firmicutes (p = 0.7932), Bacteroidetes (p = 0.2330), Tenericutes (p = 0.2811), or Proteobacteria (p = 0.0680) levels among the three groups; however, Fibrobacteres decreased in EML (p = 0.0431). At the genus level, there were no differences in Prevotella (p = 0.4280), Ruminococcus (p = 0.2639), Butyrivibrio (p = 0.4433), or Succiniclasticum (p = 0.0431) levels among the groups. Additionally, the dietary treatments had no significant effects on the archaeal community composition in the rumen. Therefore, EML and SMFP supplementation PLOS ONE |
Introduction
Mulberry (Morus spp., family Moraceae), a fast-growing deciduous tree, thrives under variable climatic conditions ranging from temperate to tropical. Mulberry is a multipurpose tree that produces fruits for human consumption, foliage for rearing silkworm, medicine for patients, and fodder for animal feed [1] . Mulberry leaves are succulent, characterized by high crude protein (CP; 19.4%) and low neutral detergent fiber (NDF; 36.1%) [2] ; mulberry fruit pomace is rich in carbohydrates (20.85%), CP (21.86%) and low in NDF (49.06%) [3] . These mulberry by-products represent potential feed sources for herbivores and monogastric animals. Studies have shown that the addition of mulberry leaves to ruminant feed reduces the need for expensive protein supplements [4, 5] . Therefore, researchers have evaluated the use of mulberry leaves and fruit pomace in animal feeding [4] [5] [6] [7] [8] [9] . Our previous study has shown that ensiled mulberry leaves (EML) and sun-dried mulberry fruit pomace (SMFP) can be used in finishing steer diets without impairing their productive performance or carcass characteristics. Our results revealed that the SMFP-fed group had lower ruminal ammonia and total volatile fatty acid (VFA) concentrations than the EML-fed group [10] , probably due to differences in the ruminal microbiome between the two groups. It has been reported that there is a correlation between host physiology and genus abundance. Dietary changes affect the ruminal microbiome (i.e., bacteria, protozoa, and fungi) [11] [12] [13] , and changes in the ruminal microbiome affect the digestive capacity of the animal (e.g., improved fiber utilization and/or decreased methane production) [14] [15] [16] .
We hypothesize that the partial replacement of concentrate with 8% EML or 6.3% SMFP in the diet affects the ruminal microbiome. Therefore, the objective of this study was to assess the effects of diets supplemented with EML or SMFP on the ruminal bacterial and archaeal community composition of finishing steers.
Materials and Methods
Experiments were conducted at the Beef Cattle Research Station of China Agricultural University in Daxing, Beijing. The protocol was approved by the China Agricultural University's Animal Welfare and Ethical Committee (Permit No. DK1008).
Animals, diets, and samples
This study was part of a larger experimental trial investigating the effects of EML and SMFP on growth performance, ruminal fermentation, blood biochemical parameters, and carcass characteristics of finishing steers [10] . In which, medium-frame crossbred Simmental steers (357.06 ± 16.5 kg; 15 months of age) were divided into three groups. The control group (CON) received a typical total mixed ration (TMR); the EML group received a typical TMR supplemented with 8% EML; and the SMFP group received a typical TMR supplemented with 6.3% SMFP. Mulberry leaves were harvested from a farm in Daxing district of Beijing, China. The harvested mulberry material was ensiled without additives after chopping. The mulberry silage was then used for the feeding animals after being stored for 50 days. Chemical composition and silage fermentation characteristics of EML or SMFP were shown in our previous report [10] . Mulberry fruit pomace was purchased from a local company (Guosen Co., Beijing, China). For this study, 12 steers, with 4 animals per group, were selected to investigate the effects of EML and SMFP on the ruminal bacterial and archaeal community composition. After slaughtering, ruminal samples (500 ml, consisting of a mixture of liquids and solids) from the dorsal, central, and ventral regions of the rumen were collected, pooled, and strained through four layers of cheesecloth. The resulting liquid samples were stored at -80°C for microflora profiling.
DNA extraction and pyrosequencing
Metagenomic DNA was extracted from 0.5 g of each homogenized ruminal liquid sample by using a Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) plus column method [17] . The rotating speed of the oscillator was set to 5,500 rpm with two circulations at 30 s per circulation. Extracted DNA yield and purity were determined spectrophotometrically in a NanoDrop TM ND-2000 (Thermo Fisher Scientific, Waltham, MA, USA).
Genomic DNA samples were diluted to 5 mM with TE buffer. Pyrosequencing was conducted on an on an Illumina MiSeq platform v2 2 × 250 bp paired end protocol yielding paired-end reads. Briefly, DNA was amplified using the universal eubacterial primer set (515f: 5'-GTG CCA GCM GCC GCG GTA A-3', 806r: 5'-XXX XXX GGA CTA CHV GGG TWT CTA AT-3'), which targets the hypervariable V4 region of the 16S rRNA gene, with the reverse primer containing a 6-bp error-correcting barcode unique to each sample. 
Sequence analysis
Sequences were analyzed with the QIIME pipeline. Reads were processed to quality control with Fast QC software. Only sequences without ambiguous characters were included in the analyses. FLASH 1.2.7v software was used to merge paired-end reads from sequencing raw data [18] . Chimeric sequences were removed by using the USEARCH software based on the UCHIME algorithm [19] . To calculate downstream diversity determination (alpha and beta diversity), all samples were subsampled to a size of 100,000 prior to bacterial community comparisons. Microbial diversity was assessed using the QIIME 1.7.0v software [20] with Python scripts. The sequences were clustered into Operational Taxonomic Unit (OTUs) by using de novo OTU picking protocol with a 97% similarity threshold. Taxonomy assignment of OTUs was performed by comparing sequences to the Greengenes database. Alpha diversity analysis (observed species, Chao, and Shannon) were generated. Jackknifed beta diversity included both unweighted and weighted Unifrac distances, and these distances were visualized by Principal Coordinate Analysis (PCoA) [21] .
Quantitative real-time PCR
Quantitative real-time PCR was performed to investigate the relative abundance of microorganisms per gram of homogenized ruminal liquid sample, and the using primers were shown in S5 Table. The standards used for the qPCR amplifications have been used for ruminal bacteria, fungi, protozoa, and methanogenic archaea [22, 23] . The average values of relative population size (RPS) for each selected bacterial strain, based on 16S rRNA gene copy number, was calculated as previously reported [24, 25] . Selected methanogen copy numbers were estimated by a nested PCR approach [26] . Real-time PCR was performed in an Applied Biosystems StepOne Plus sequence detection system. The 20-μl reaction mixture consisted of 10 μl of 2×SYBR Green Master Mix (Tiangen, Beijing, China), 1 μl of each primer (10 μM working concentration), 6 μl of nuclease-free water, and 2 μl of template containing 10 ng DNA. The PCR conditions consisted of an initial denaturation step at 95°C for 10 min, followed by 40 cycles at 95°C for 10 s, 60°C for 15 s, 72°C for 1 min, and a final extension step at 72°C for 6 min. To determine primer specificity, a melting curve was generated by heating the reaction mixture from 60 to 95°C at 1°C/s, with fluorescence readings at 1°C intervals [27] . Real-time PCR was performed in triplicate for the standards and metagenomic DNA samples. PCR products were confirmed by 1.5% agarose gel electrophoresis. The abundance of ruminal microbes was recorded and multiplied by the dilution factor to determine the total number of target microbe per gram (wet weight).
Statistical analyses
Read number, sample coverage, unique OTUs, sample richness, and sample diversity were compared using the generalized linear model (GLM) procedure of SAS (version 9.1.3; SAS Institute Inc., Cary, NC, USA). Abundance of phylum and genus was determined to assess the effects of EML or SMFP supplementation. Absolute abundance of microbes was expressed as copies of 18S or16S rRNA genes per gram (wet weight); relative abundance of specific bacterial strains was expressed as the average RPS value. Means were separated using Student-NewmanKeuls test (SNK). Statistical significance was set at p 0.05. Only phylum and genus detected in all rumen samples were defined as shared taxa in the data analyses. Fig 1A shows the abundance of total bacteria per gram (wet weight) in the rumen. EML and SMFP groups had a higher abundance of total bacteria than the CON group (p < 0.001). There were no significant differences in the abundance of fungi among EML, SMFP, and CON groups ( Fig 1B) . Fig 1C shows the abundance of ruminal protozoa per gram (wet weight). The protozoa abundance in the SMFP group was higher than that in the EML group (p = 0.0089). There was no significant treatment-effect on the abundance of ruminal protozoa per gram compared with the CON group. The abundance of archaea per gram is shown in Fig 1D. The archaeal abundance in the SMFP group was lower than that in the EML group (p = 0.0302). In contrast, the abundance of archaea in the EML group was similar to that obtained in the CON group. 
Results

Abundance of microbes in the rumen
Sequencing and general ruminal community composition
We generated 2,712,307 raw sequences, of which 2,515,323 passed all filtering metrics with an average length of 292 bp. All individual sequencing and coverage metrics are presented in S1 Table. Individual sample sequence counts ranged from 165,804 to 257,130 sequences, with an average of 209,610 sequences. Following OTU picking and chimera checking, a total of 24,028 OTUs were calculated for 12 samples at 3% dissimilarity. Each sample had an average of 9,693 OTUs. Following normalization to 100,000 reads, richness estimates and diversity indices were generated (Table 1 ). Good's coverage for each sample ranged from 0.9657 to 0.9723, with an average of 0.9680. The average Simpon's diversity was 99.70. The most abundant phyla were Bacteroidetes (43.90%) and Firmicutes (39.06%), followed by Proteobacteria (4.31%) and Tenericutes (2.04%) in all samples. Minor phyla included Verrucomicrobia (1.91%), Fibrobacteres (1.79%), Spirochaetes (1.54%), and SR1 (1.50%). The other known phylum accounted for 1.37%; unclassified sequences were 1.05% of the total sequences. Table show the community composition in individual samples. In the stacked bar chart, each bar represents the average relative abundance of bacterial phylum. The top nine phyla with high relative abundance are presented. These phyla comprised 97.58% of the reads. The most abundant genera were Prevotella (13.82%), Ruminococcus (2.51%), Butyrivibrio (2.38%), and Succiniclasticum (2.26%). Minor genera such as Fibrobacter, YRC22, CF231, Coprococcus, Treponema,Clostridium, Anaerovibrio, and Acetobacter accounted for 1.79%, 1.64%, 1.41%, 1.30%, 1.14%, 0.82%, 0.70%, and 0.27%, respectively. The other known genus accounted for 3.90%; 64.65% of the sequences were unclassified at the genus level. S3 Table  shows the percent abundance of genera in all ruminal samples. Table 1 shows the unique OTUs, richness estimates, and diversity indices in ruminal samples obtained from EML, SMFP, and CON groups. There were no significant differences in the sequence sets among the three groups (p > 0.50). Thermal double dendrograms of the most abundant top 50 bacterial OTUs demonstrated that samples could not be clearly grouped in the same treatment (S1 Fig and S4 Table) , which suggests that the bacterial communities of different treatments were substantially similar. PCoA based on a weighted UniFrac metric was performed to compare all samples. The dividing line was less obvious, and the two principal components explained 21.72% of the variation. The CON group samples could not be distinguished from those of EML or SMFP (Fig 3) . The relative abundance of all taxa in the samples was used to describe the impact of the dietary treatments on the ruminal bacterial composition. At the phylum level, except for a reduction of Fibrobacteres in the EML group (p = 0.0431), there were no significant differences in ruminal bacterial composition among EML, SMFP, and CON (Table 2) ; therefore, there was a dominant profile common to many of the finishing steers. Compared to CON, EML and SMFP had reduced Proteobacteria (p = 0.0680) and Spirochaetes (p = 0.0696). At the genus level, there were no significant differences among the three groups (Table 3) . Even though Fibrobacter increased in the SMFP group (p = 0.0431) and Treponema decreased in the EML group (p = 0.0388), these differences were modest (< 1-fold). These findings suggest that the microbial community was not significantly different among the three groups.
Effects of dietary treatment on bacterial community
Proportion of selected bacteria and archaea in the rumen
The effects of EML and SMFP on selected ruminal bacteria are shown in Table 4 . There were significant differences among the groups with respect to RPS of several species. Thirteen examined species contributed to < 15% of the total domain bacteria. EML and SMFP affected the composition of ruminal bacteria, as reflected by the specific species. In EML and SMFP, the proportion of Eubacterium ruminatium, Megasphaera elsdenii, Ruminococcus albus, and Streptococcus bovis decreased (p = 0.0058, p = 0.0106, p = 0.0179, and p = 0.0282, respectively) relative to that present in CON. On the other hand, the proportion of Ruminococcus flavefaciens was not significantly different among the three groups. Similarly, there were no significant differences in the RPS of Prevotella ruminicola, P. brevis, and P. bryantii (p = 0.1367, p = 0.2162, and p = 0.1768, respectively) among the groups. The RPS of the dextrin-fermenting Succinivibrio dextrinisolvens was similar to that of Ruminobacter amylophilus and Selenomonas ruminantium. Additionally, dietary treatments had no significant effects on the archaeal community composition of the rumen (Fig 4) . Methanobrevibacter spp. and RCC were proportionally more abundant in the rumen (98% of the 16s rRNA gene).
Discussion
Microbes form a complex network in the rumen and ferment the fibrous plant material ingested by the ruminant. Fermentation end-products, such as acetate, propionate, and other short-chain fatty acids, are absorbed by the host across the rumen wall. There is a correlation between host physiology and microbial abundance [11] . Our previous report showed that EML or SMFP had no effects on animal performance. Significant differences in ruminal fermentation might be attributed to changes in the microbial population. Our study findings revealed that the abundance of ruminal bacteria tended to increase in the EML and SMFP groups. The presence of higher levels of digestible carbohydrates and/or total soluble solids (especially glucose and fructose) in EML and SMFP may have contributed to a higher number of ruminal bacteria, which probably resulted in differences in VFA concentrations. Our results showed that archaeal abundance represented approximately 1% of the total prokaryotic (bacteria and archaea) populations, consistent with past findings [25, 28] . The abundance of archaea decreased when the diet was supplemented with SMFP. According to previous reports, bioactive secondary metabolites in plants inhibit methane production in the rumen [29] . Mulberry fruits are rich in phenolics, anthocyanins, and flavonoids [6] ; processed mulberry pomace inhibits methanogen activity. Additionally, the abundance of archaea obtained in our study was higher than that reported in lactating (4.73×10 7 cells/g wet weight) and non-lactating dairy cows (5.58×10 6 cells/g wet weight) [30, 31] , similar to that reported in cows (1.9×10 8 to 3.31×10 8 cells/ml) [32] and sheep (6.17×10 8 cells/ml) [28] , and lower than that reported in steers (1.34×10 9 cells/ml) [23] . Therefore, variability in the abundance of ruminal archaea could be attributed to differences in experimental methodologies, ruminant species, geographical location, and diets. Even though the abundance of bacteria and archaea changed, the abundance of fungi and protozoa remained constant during the experiment. The limited amounts of EML and SMFP may have contributed to these results. Consistent with previous reports [33] [34] [35] [36] [37] [38] [39] , Bacteroidetes and Firmicutes were the most abundant phyla, followed by Proteobacteria, Tenericutes, and Verrucomicrobia. EML and SMFP supplementation had no effects on the predominant phyla in the rumen, except on Fibrobacteres. Within the phylum Bacteroidetes, Prevotella represented the most abundant genus in the rumen. Prevotella is predominant in both forage-fed and grain-fed livestock [12, 40] and comprises a large part of the genetic and metabolic diversity in ruminal microbial communities [41] , independent of geographical location or management system. The treatments had no effects on the relative abundance of selected Prevotella species, similar to previous findings [25] . Three cellulolytic species (Prevotella bryantii, P. ruminicola, and P. brevis) represented approximately 1% of the total bacterial 16S rRNA gene copies. Such a small cellulolytic population suggests that a significant fraction of ruminal cellulose degradation may be due to a combination of cellulolytic eukaryotes and uncultured cellulolytic bacterial species.
The sequencing results revealed a higher abundance of phylum Fibrobacteres and genus Fibrobacter in CON than in EML or SMFP. Even though Fibrobacteres represented a very small fraction, its presence in the samples suggests that Fibrobacteres occupies a special ecological niche in the rumen. In fact, the genus Fibrobacter is involved in readily digested plant-based cellulose in ruminant animals. F. succinogenes is one of the two most cultivated species in its phylum and one of the most highly cellulolytic species [42] . Previous phylogenetic analyses of ruminal microbiomes have shown that all Fibrobacteres sequences belonged to the genus Fibrobacter, and 45% of sequences were assigned to F. succinogenes [43] . In our study, the average abundance of F. succinogenes was approximately 23.23% within the genus Fibrobacteres. The experimental diets and animal species may be responsible for this difference. Complete genome sequence analyses revealed that a high number of genes coded for glycoside hydrolases, carbohydrate-binding modules, carbohydrate esterases, and polysaccharide lyases [44] . The abundance of F. succinogenes should be similar between the groups because of their similar fiber levels; however, the results obtained were the opposite. Compared to corn, mulberry leaves or residues contain more fructose and pectin and less starch. In our study, the three groups had similar NDF levels; the carbohydrate structure was probably responsible for the differences in microbial community composition.
The genus Treponema is commonly present in the rumen. Species of this genus are involved in the degradation of soluble fibers. T. bryantii forms a symbiotic relationship with F. Distribution of different archaeal taxa in the rumen of finishing steers when corn grain-and cotton seed meal-based concentrate was partially replaced with EML or SMFP. Methanogen 16S rRNA gene was amplified using universal archaeal primer sets and quantified using nested PCR with taxon-specific primer sets for Methanobrevibacter spp., RCC, and Methanomicrobium spp. CON: control group (n = 4); EML: ensiled mulberry leaves group (n = 4); SMFP: sun-dried mulberry fruit pomace group (n = 4). doi:10.1371/journal.pone.0156836.g004
Effect of Mulberry on Ruminal Bacterial and Archaeal Community Composition succinogenes strains in the rumen [45] , and T. saccharophilum is a pectinolytic bacterium [46, 47] . Compared with EML, the SMFP group had higher abundance of the genus Treponema probably due to its higher pectin content.
In the rumen, archaea consist of strictly anaerobic methanogens that belong to one of these three genera: Methanobrevibacter, Methanomicrobium, and rumen cluster C (RCC) [48] . Our findings showed that EML and SMFP supplementation affected the overall archaeal community composition in the rumen. This was evident because the abundance of Methanobrevibacter increased in EML and SMFP. Methanobrevibacter is considered to be the most predominant methanogen in the rumen of cattle, dairy cows, and sheep [30, 31, [49] [50] [51] [52] . The proportion of Methanobrevibacter was approximately 78-79%. However, a recent report detected higher proportions of RCC (72%) and lower proportions of Methanomicrobiumclade (19%). The authors have proposed that primers that result in non-specific amplification products might have affected the analyses [26] . With the exception of primers, host factors, diets, genetic variations, experimental methodologies, and geographical location may have contributed to the differences in the results.
The results of this study revealed that the partial replacement of corn grain and cotton seed meal with EML or SMFP had no substantial effects on the ruminal microflora composition. Microbes form a complex network in the ruminal ecosystem and ferment the fibrous plant material ingested by the ruminant. Further studies are required to determine whether other fungi and protozoa species are associated with fermentation processes in the rumen.
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